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1.0 Technical Summary 
Technology Management, Inc. (TMI) has demonstrated in the laboratory a compact, power 
generator design which uses a novel solid oxide fuel cell (SOFC) running directly on military 
logistic fuel. Key to meeting the small size and light weight goals of a portable power generator 
(for battery recharging) were: i) the development of sulfur tolerant fuel reforming catalyst and 
sulfur tolerant anode electrodes to avoid the systems overhead required for sulfur removal and ii) 
the thermal and mechanical integration of the fuel reformer and stack assembly to reduce size 
and increase efficiency. 

The current inventory of military power generation systems are combustion-based systems, and 
are generally noisy, polluting, inefficient, and limited to power outputs in the multi-kilowatt 
range. In comparison, TMI SOFC technology offers the potential for higher power densities and 
systems efficiencies, lower noise and emissions, and smaller system sizes. Functionally, the TMI 
SOFC fuel cells can extend mission length and serve applications at power ranges as low as 500 
Watts operating on direct logistic fuel. The ultimate Ions-term soal for TMI is to produce a 
reliable, compact, lightweight, quiet, fuel efficient, military power source in the range of 300 to 
500 watts which operates directly on military logistic fuel. Affordability is also an objective. 

1.1 Overall Program Objective 
The object of this program was to move toward the long-term goal by continuing to characterize 
and demonstrate the TMI Solid Oxide Fuel Cell (SOFC) stack, the most critical component, in 
an integrated laboratory test system. This program builds on advances and work completed under 
TMFs previous DARPA/ARO contract (DAAH04-94-C-0015). The specific areas of 
investigation of this program are outlined below. 

Plan Tasks        1 Impact/Outcome 
Reproducible Stack Demonstration 
Cathode Pressure Drop Reduction 
Stack Operating Parameters 
Fabrication and Quality Control Scale Up 
Seal-Separator Interface Improvement 
Anode Interface Improvement 

Noise level, system efficiency 
Thermal cycling, start up, life 
Stack reproducibility, thermal cycling, efficiency, life 
Thermal cycling, life, physical ruggedness 
Life, thermal cycling, efficiency, performance, weight 

Versatile System Development 
Air Flow Subsystems Engineering 

Overall Systems Design & Integration 
Demonstration System Fabrication & Testing 

Range of operating conditions, start up, stack thermal profile 
control -» efficiency, life, performance  
Volume, weight, noise level, system efficiency, start up 
Proof-of-concept 

1.2       Summary of Achievements under Previous Contract 
The goals of the SOFC development program under DARPA/ARO Contract Number DAAH04- 
94-C-0015 were to design and build a sulfur tolerant stack which could operate directly on 
logistic fuels (JP-8 with 0.3 wt% sulfur) and to package this stack into a compact, lightweight 
system. 

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report 
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Specific advances were made in several areas. 

• Stability of cathode performance was improved by modifying firing conditions. 
• Cell performance was tested and evaluated over a range of oxygen potential conditions in 

both anode and cathode. 
• Thermally and mechanically integrated hot subassemblies were developed which 

demonstrated the use of hot exhaust from the stack to provide all the heat needed to operate 
the liquid fuel/water vaporizer and reformer. 

• Thermal cycling of a 100 cell stack was demonstrated. 

These tests and data significantly advanced the state of TMI stack technology toward the 
development of a practical solid oxide fuel cell generator operating on logistics fuels. 

2.0 Background Information 
Solid Oxide Fuel Cells (SOFCs) use an environmentally clean, electrochemical (non- 
combustion) process to generate electric power from a variety of fuels. A solid electrolyte 

operating at high temperature (800-1000°C) electrochemically converts gaseous fuels (hydrogen 
or mixed gases) and oxygen to electricity. Unlike polymer electrolyte membrane (PEM) fuel 
cells and alkaline fuel cells, SOFCs do not require electrolyte management (since electrolyte is 
solid), have very fast electrode kinetics, and can be configured into systems from under a 
kilowatt up to multi-megawatts. Further, the combination of high operating temperature and 
solid state operation means that the TMI SOFC stack assembly can be very reliable, compact, 
and noiseless. Systems can be designed to produce a high-grade heat by-product and high system 
efficiencies. 

2.1 TMI SOFC Power Generation 
Figure 1 shows an expanded schematic which 
illustrates the TMI SOFC single cell with 
conventional SOFC materials. Each cell is made up 
of four layers: (1) a fused, porous, reticulate cermet 
anode that provides both fuel gas distribution and 
electrical continuity; (2) a pre-sintered, non-porous, 
yttria-stabilized zirconia (YSZ) electrolyte for 
selective ion conduction; (3) a fused, porous, 
reticulate ceramic cathode (LSM) that provides air 
distribution and electrical continuity; and (4) a 
dense, high-temperature metallic alloy separator for 
bipolar electrical conduction from cell to cell. 

The simplicity of the basic TMI cell design has 
advantages which impact cell and stack cost, systems 
part count and systems performance: 

Figure 1. TMI SOFC Cell. 
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• The simple featureless, planar cell allows manufacture by commercially available 
fabrication equipment. Non-co-fired cell layers can be assembled into stacks 
using high volume, automated, low unit cost production equipment, a major 
requirement for success in commercial markets. 

• The cell is tolerant of thermal cycling. The radial flow design has an 
unconstrained perimeter that accommodates dimension changes and minimizes 
the need for thermal expansion matching (a design constraint of other SOFC 
designs which limits the choice of materials). 

• The mechanical stack assembly process allows for the immediate insertion of new 
or improved materials. Thus, materials can be chosen and optimized for 
performance characteristics, such as operation with sulfur-bearing fuels, including 
logistic fuels (JP-8). 

• Air and fuel gas flows are supplied centrally through self-formed manifolds and 
exit through a unique radial flow pattern, which avoids the use of exhaust 
manifolds. 

The primary advantage of a sulfur-tolerant 
system (which has both fuel reforming 
catalysts and fuel cells which are sulfur 
tolerant) is the avoidance of complex sulfur 
removal systems, and the operating 
procedures for recharging and disposing of 
the sulfur saturated waste. Sulfur tolerant 
systems require less systems components 
for direct operation on logistic fuels, which 
directly impacts system size, weight, and 
cost. Figure 2 shows a typical fuel- 
processing schematic comparison for the 
TMI SOFC system and typical polymer- 
electrolyte membrane (PEM) fuel cell 
system. 

Under sponsorship by DARPA (Defense 
Advanced Research Projects Agency), TMI 
was one of the first companies to operate a 
complete sulfur-tolerant system (using an 
integrated steam reformer and stack) 
demonstrating operation of a total solid 
oxide fuel cell system operating on JP-8 
fuel without sulfur-removal or fuel 
pretreatment. 

Figure 2. Typical PEM vs. TMI SOFC 
Logistics Fuel Flowsheet. 
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Sulfur tolerance extends beyond logistic fuel and provides a competitive advantage in non- 
military markets by allowing the TMI system to use a wide variety of common fuels, particularly 
those containing sulfur contaminants, such as odorized natural gas, propane, kerosene and 
biogas. 

3.0 Results of Task Work 

3.1 Task 1. Cathode Pressure Drop Reduction: 
Cathode pressure drop impacts the air flow requirements to the stack and the associated thermal 
system options and hardware requirements. With high cathode pressure drops, a compressor is 
required to supply air to the stack. A compressor is noisy, heavy, and consumes more power for 
operation than a blower, thereby potentially limiting the air-flow system options for a given 
system specification. A lower pressure drop allows the use of a lower weight, blower with lower 
noise levels. The current TMI cathode exhibits a pressure drop in the range of 4 to 6 psi. Use of 
a blower requires a pressure drop of approximately 1.0 psi. 

A two step sequence was used to lower cathode pressure. The first requirement was to stabilize 
the microstructure. Then, geometric modifications were made to the cathode structure. 
Preliminary findings, along with supporting calculations, suggested physical flow channels can 
reduce pressure drops. Variables considered included channel geometry (depth, width, number 
of channels, etc.), and base material thickness and porosity. 

Particle sintering in the cathode air distribution layer caused increasing air pressure drop over 
time. Reducing particle sintering within the component was necessary to achieve stable air flow 
characteristics. To reduce component sintering, several calcination conditions were evaluated 
for primary particle coarsening. Previous TMI cathode fabrication techniques used a high 
temperature process to produce large agglomerate powders for tape casting. In this process, the 
cathode particles were often quite large, 50-200 \xm in diameter and the final air gas distribution 
layer thickness was over 500 p.m. The present state-of-the-art requires a thinner layer thus an    , 
intermediate powder processing temperature was selected for coarsening trials. Intermediate 
temperatures were identified that significantly reduced particle coarsening. Time dependent 
back pressure increases went from 50-100% /1000 hours to approximately 25-50% /1000 hours. 

A summary of cathode pressure drop reduction data based on the modified powder are shown in 
figures 3a and 3b. As shown in 3a, increasing effective channel dimension resulted in a pressure 
drop of approximately half in room temperature measurements. However, as shown in 3b, the 
composition and microstructure of the cathode was not sufficiently rigid to maintain such large 
channels for sustained high temperature operation. Based on calculations, the expected change 
in back pressure due only to gas viscosity effects predicts an increase in resistance of 
approximately 7:1. The actual increase was considerably higher, closer to 10:1 or 20:1 even in 
some cases. This supports the argument that channels collapse, at least partially, during 
operation. Coarsened cathode powder provided a lower increase in back pressure with time than 
the standard powder. Since the major gas conduction mechanism has been changed from porous 

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report. 
7 



Technology Management Inc. April 30,2000 
9817 Lake Shore Blvd., Cleveland, Ohio 44108 - (216) 541-1000 
Title: Development of TMI Logistic Fuel Solid Oxide Fuel Cells (SOFC) for Advanced Military Power Generation Systems - Final Report 
Contract Number DAAD19-99-C-0035   

percolation to channeled flow, future work would focus on decreasing the porosity of the matrix 
to increase rigidity. This decrease is not expected to impact cell performance but should 
increase stability. 

Figure 3. Summary of Cathode Pressure Drop Experiments 
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3.2       Task 2. Stack Operating Parameters: 
All operational scenarios, except constant power, require a continuous balance among fuel, air, 
voltage, and current for stable, predictable operation. In addition to automatic controls, detailed 
start-up and'or operating procedures are essential to ensure stack and system performance, 
before introducing field variables such as mission length and actual operating conditions. An 
area of consideration is the operating range for cells, particularly the relationship between high 
fuel utilization on performance. Interfacial resistances dominate overall cell performance. 
Typical ohmic contributions for a self-supported YSZ cell are provided in Table 1. For normal 
materials at high temperatures, ohmic resistance contributes only a fraction of the total cell 
resistance. The remainder of the resistance is 'interfacial resistance' and includes both ohmic and 
non-ohmic behavior. This resistance is difficult to measure directly but a number of experiments 
have been conducted which suggest this resistance plays a substantial role in short and long term 
operation. 
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Table 1. Typical Ohmic Resistances for Common SOFC Materials. 

Material Conductivity 
(Q*cm)"' at 950°C 

Thickness 
(microns) 

Area Specific 
Resistance (Qcm2) 

YSZ 0.1 300 3.0x10"' 
Metal Cermet* 100 50 5.0x10"' 
LSM* 25 50 2.0xl0"4 

Separator 100 500 5.0xl0"4 

3.01 x 10"' Total 
* de-rated for low density 

AC impedance is a useful technique but implementation and interpretation are difficult. The 
location of the working, counter, and reference electrodes can dramatically affect the observed 
response for essentially identical cells. A laboratory DC technique suggested by Dr. Harlan 
Anderson at the University of Missouri-Rolla utilizes embedded platinum electrodes in YSZ 
wafers. These tests measure the internal oxygen potential of the YSZ directly and isolate this 
value from the overall measurement. Tests using Dr. Anderson's wafers in the TMI cell 
configuration suggest that the majority of cell resistance occurs on the anode side of the cell. 
Those experimental findings lead to a focus on improving anode-cell and anode-separator 
interfacial characteristics. In addition, some experiments were still conducted on the cathode to 
categorically rule out polarization issues in that electrode. Results for one cell test summarized 
in Table 2 shows that gas phase polarization in the cathode does not affect cell performance. 
This was verified in two additional cell tests where equivalent cells were operated for nearly 
1000 hours at different oxygen utilization conditions (from 1 stoic up to 5 stoics) with essentially 
no impact on performance (Figure 4). Target air flow for routine cell test qualifiers is 4.0 stoics. 

Table 2. Impact of Cathode Oxygen Activity on Cell Performance 

Total 
Cathode 
Gas Flow 

(seem) 

Cathode B.P. 
(psig) 

p02 

(atm) 
Cell ASR 

(Ohm- 
cm2) 

Cathode Gas 

277 6.0 0.293 0.600 House Air 
60 2.0 1.136 0.610 Oxygen 
120 3.6 0.635 0.606 Blend 
283 7.7 0.328 0.605 Blend 
279 7.7 0.328 0.610 Blend 

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report. 
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Impact of Air Flow Rate on Cell Performance (125% to 25% of target). 
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Characterizing the anode is challenging because of the relationship among parameters. The 
experimental controls are fuel flow rate and external resistance (which sets the total current). 
Cell voltage response is the observable factor. However, output voltage is not an intrinsic 
material property, but is related to cell resistance and Nernst potential. Nernst potential is in- 
turn related to flow and current and varies spatially on a cell. Three sets of experiments were 
conducted to attempt to resolve the interrelation of the parameters. 

In the first experiment for the anode, fuel utilization was increased by decreasing gas flow rate at 
a constant current condition. In this case, ohmic resistances are constant and the only effects 
should be related to decrease in Nernst potential (due to utilization) and anode polarization 
effects (either adsorption or diffusional). Results are shown in Figure 5. At fixed current 
density, the voltage drop across the cell (measured by comparing the observed voltage to the 
calculated Nernst potential at the lowest oxygen activity) increases with increasing fuel 
utilization. The increase is not dramatic but is beyond what might be explained by only 
considering decreasing Nernst potential. 

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report. 
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Figure 5. Impact of Fuel Flow Rate on Cell Performance (H2+6% H20,194 mA/cm2). 
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The second experiment involved running the same cell at a fixed fuel flow rate but with various 
current density conditions. This experiment concentrated on high utilization conditions where 
polarization was expected to be more substantial. The result is shown in Figure 6. In this case, 
the voltage would be expected to drop because of both the increased ohmic resistance of the cell 
and the decreased Nernst potential. However, the voltage drop due to ohmic resistance would be 
expected to be linearly changing if there are no electrode interactions. Since the ASR 
calculation is the slope of the voltage - current density curve, it should be a horizontal line as 
calculated herein. Because the slope already accounts for the instantaneous drop in Nernst 
potential (it is a AV calculation), the progressively increasing magnitude of resistance with 
increasing utilization agrees with the earlier result and suggests some additional non-ohmic 
mechanism at work. 

The final experiment was run holding both the current and utilization constant and varying the 
fuel flow rate. A two-cell stack was run at a range of flow rates at constant utilization. This test 
was conducted using high inlet water conditions (affects the inlet Nernst Potential and spatial 
variation but not the exit composition) and is shown in Table 3. In this case, the cell 
performance at high flow conditions was better than would otherwise be expected looking only 
at the exit Nernst Potential (which is constant because overall utilization is constant). The area 
specific resistance (ASR) at the normal flow condition was slightly higher than an average stack 
but the trend is obvious nonetheless: stacks perform better at high flow conditions compared to 
low flow conditions assuming all other factors are held constant. 
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Figure 6. Impact of Higher Utilization at Low Fuel Flow Conditions 
using 6% humidified 25.7 cc H2 + 25.7 cc N2. 
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Table 3. Cell Performance at High Flow Conditions with Fixed Utilization (-60% FU) 
H2 Flow H20 

Flow 
Volts/Cell Current 

Density 
(A/cm2) 

Nemst 
Potential 

Nernst - 
Actual 

(Nemst - 
Actual)/ 
Current 
Density 

20 23 0.691 0.086 0.887 0.197 2.28 
40 42 0.682 0.172 0.887 0.205 1.19 
50 51 0.659 0.216 0.887 0.229 1.06 
60 59 0.627 0.259 0.887 0.261 1.01 
80 74 0.562 0.345 0.887 0.325 0.94 

There are a number of experimental complications with these experiments. The first is 
determining resistance. There is a spatial variation in Nemst potential. First-pass resistance 
calculations such as those shown in Figures 3 and 4 are estimates based on the minimum (exit) 
Nemst potential. The second complication is determining the absolute active area. TMI has 
found microscopic evidence in post test analysis of the high p02/low p02 transition region on the 
cell, shown in Figure 7. The location of the transition region has been related to the flow 
condition. ^  

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report. 
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Figure 7. Microscopic Evidence of Transition Region 

The absolute determination of active area is therefore extremely challenging since it does not 
necessarily correspond to the geometric boundary of the electrode itself. Since cell resistance is 
normalized for active area, this factor could explain the variations in ASR in some of the 
experiments discussed above. 

To compensate for experimental complications, TMI performs finite difference calculations on 
most cell tests. An example of these calculations are shown in the spreadsheet below in Table 4. 
This model calculates the instantaneous gas composition, voltage, and current density based 
upon 100 concentric radial volumes starting approximately at the inner diameter of the gas 
distribution electrode. Using this more complete analysis, there appears to be a non-ohmic 
increase in cell performance with increasing utilization above what might be expected from the 
Nernst potential suppression. 

Several anode electrode models predict non-linear behavior. The first is a simple diffusion 
model. To remove oxygen from the anode surface, a hydrogen molecule (H2) must be present at 
the surface at the same time. If the fuel gas is assumed ideal, the chance of any one gas 
molecule being a hydrogen molecule is equal to the concentration of hydrogen in the overall 
bulk gas. As utilization increases, the concentration of hydrogen decreases and the likelihood of 
the correct molecule encountering the surface decreases.   "Diffusional limits" can become rate 
limiting for low hydrogen concentration values and for very thick anodes where gas diffusion 
paths are long (over 2000 microns) and not necessarily linear. In the TMI cell however, the 
complete anode thickness is only about 200 microns. Further, the gasses are completely 
exchanged within the cell in about 0.1 seconds (600 exchanges / minute). Given these 
parameters, bulk gas diffusional limits seem unlikely to be rate limiting. 

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report. 
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Table 4. Finite Difference Cell Model for Determination of Cell Performance. 
i/wyy                       | multipurpose uen rvioaei   |          | 100 Steps          \ 

I                           ■ jK3 cmn K^q'J zo. ni.miGi \             \ t             I              I til                I 
Data inputs Laicuiated values Radius 

H2+CO    %02     02(atm) mV mA/cm2 mW/cm2 W mA psig ijaseous i-uei i-iow OO.U seem Power mm ** 
Aaoea NZ HOW 51). 0 seem current 3.9 IS Amp y.b    i ou.yi 

Liquia i-ueihiow O.OG0CO mi/mm ceiihuei utilization 49,8 % y.ö OU.OM 
1./öb-1H 1043 314 239 0.04 4sn 0.108 34 4.35 

Air HOW 2'i\i seem Air uweraii b»ic Mario 2.12 1U.1 WJ.^O Al.bH 2.U4b-18 iujy J1U 2<tb U.Ui you U 1 1U 64 4 /a 

voltage '?iu mv Nee Kower uensity US mw/cmü 10.3 

Average AUK 0.912 onm-cm^ Net current Density 196 mA/cm2 10.5 
227 0.11 34 4.57 

Aif heed Pressure 5M psig Cell Kim lemp 940 C 1U.Ö 4y.db~ 2U.b4 3.33b-IB lu2o 2nt 224 u.u ybo u.n/ 3b 4.bU 

CitH.UUI)|itt ou pstg Ztl ' " ■ '   1 
JO 4.4J 

fclectrode UU ^4 j'J mm iiectrocnemicai Area UU.UU cm^ 35 4.37 

Center inactive üü lj -2 mm Cell Oxygen Utilization 23.5 % 11.4 48.69 20.44 

AirUxygen Z'J. ii % Htoic Current 7.892 Amp 11.0 48.46 20.40 

AirLeakaqeto Anoae C seem Max. tiecrroiyte stress 5.1 MHa 11.7 48.23 20.37 5.49E-18 

Separator Conductivity 2" 4 W/mC Wean £MF 939 
fcquiv. bep. i nicKness u so mm HHV Efficiency 25.5 % 12.0 4/7/ 20.30 

Cathode coefficient 0.531 psi^ysccm HHV 11.689 W 12.2 4/.Ö4 

Feeds Heat input 0 GO W LHV 9.859 

14.497 

W 12.4 47.31 20.23 7.73E-18 

Reformer cu/CU^ l 4J Reformed Fuel Gas 12.5 

Gaseous Fuel Composition: ' vlolcular Weight g/mol 127 46.34 20.1b 9.0öb-1Ö 99/ 253 200 

H2 ■1C0 00 Mol% H2 50.91 Mot* 12.9 46.61 20.12 Ö.75E-18 995 260 

H2U 0ÜÜ Mol% H2Ö •im Mol% 13.1 46.3/ 

CO c-:o Mol% 0.39 949 0.144 37 3.62 

C02 Ü L.O Mol% CÜ2 0.00 MoI% 134 45.90 20.01 

CH4 U 'jü Mol % M'> 4B.23 Mol% 135 45.66 19.9/ 

C2H5 u uu Mol "A ppmv 189 0.45 y49 U.1DU 61 4.40 

C3HÖ Ü Lu Mol % CU+H2 (equiv) bO.91 Mol% 14.U 4b. 1 a 

C4H10 0 'vU Mol% H2 55.00 seem 14.1 44.93 19.86 

N2 U L.-'j Moi% H2Ö 3.04 seem 14.3 44.69 19.32 

h^ U ».".XU M0I% CU u.uu seem U.O.S U.IO/ OÖ J.Z.J 

Total 1UU.UÜ CÜ2 seem O.ob u.ioa JÖ 

Liquid Fuel Data: N2 bO.OO seem 14.8 43.96 19./0 2.01E-17 974 

H2 content 14 UU Wt% tt^S> u.uuuu seem 
2 25E-17 971 233 177 0.81 q48 0.155 38 3.01 

Sp. Gt. ü , ■ J ) g'ml Liquid hue! H/C 1.940 molar 15.3 43.21 19.59 2.38E-1/ 969 231 1/6 0.64 a 43 0.167 39 2.96 

LHV 4.) i MJykg Liquid l-uel Mass HOW 0 000000 g/min 15.5 42.96 19.55 
Fuel LHvVHHV U.846 1b./ 42.71 19.51 

lotal Water Vapor 3.0 seem 
16.Ö 42.21 19.43 2.95E-17 963 224 

16.2 41.96 19.39 3.11L-1/ 961 222 
948 0.173 39 2.66 

16.6 41.45 19.31 3.44E-1/ 
Catnode Air How 280.0 seem 
Cathode Air minus U2 221.8 

0.000 

seem 1Ö.9 40.94 

Fuel Mixture Molar Flo 1/.1 
C seem y4/ 

H2 68.044 seem i;.4 40.1/ 

ü 3.044 seem 1/6 39.91 iy.ot> 

N2 0.000 seem 17.8 3y.6o iy.uü 

S 0.00000 seem 
18.1 39.14 1894 

0.99 
a4' u.iyy 40 *1J 

18.5 38.61 18.86 
18.7 38.35 18.81 6.00E-1/ 
lö.ö 38.09 18.77 

1.03 946 Q.Ml 41 1.95 

19.2 37.57 18.69 6.81E-1/ 
19.3 3?. 30 13.6b 7.1ÖE-17 yo5 194 

946 0.212 41 1.82 

19./ at>./a 

y46 U.21Ü 41 1.69 

20.2 35.98 18.43 8.7QE-17 929 
20.4 35.72 18.39 9.Ö5E-17 

945 0.iiJ4 41 

20./ 35.19 18.30 
2Ö.9 34.92 18.26 1.02E-16 
21.1 3466 18.22 

1/9 Ub 1.35 y45 0.2J1 41 1.39 

21.4 34.12 13.13 
2i.e 33.85 
ÜVB VS.i>U 1804 1.23b-1fe 918 ' 175 

22.0 33.32 18.00 1.27E-16 
22.1 33.Ü5 
22. 3 

22.7 32.2b 17.82 
1.56 943 0.24Ö 41 1.03 

23.0 31.72 1/73 
41 

23.3 31.18 

The other possibility is chemical adsorption on the surface. Some researchers have postulated 
that an activated complex must be formed at the triple point boundary. Essentially, the H - O - H 
bonds must form on the surface along with a corresponding release of electrons. The rate of 
reaction is dictated by the amount of the adsorbed species (oxygen vacancy concentration 
combined with a mono-layer of hydrogen) and the ability of the surface to conduct electrons. In 
YSZ and in ceria, oxygen nonstoichiometry caused by gas phase equilibrium in the low p02 

environment leads to an increase in vacancy concentration and an increase in electronic 
conductivity. The effect is particularly pronounced in ceria where the electronic conductivity 
can vary by six orders of magnitude. Essentially, the anode surface cannot effectively remove 
electrons as both local p02 and resistance increases. 
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TMI believes that the latter mechanism more effectively explains the small changes in 
performance that occur in addition to the change in driving potential. The most immediate 
remedy would be to dope the anode surface with elements that will impart electronic 
conductivity. In either case, the non-linear effect is small and operation > 75% fuel utilization is 
not an immediate short term objective. The decrease in performance is noted however and TMI 
understands that eventually, the issue will need to be considered. 

3.3      Task 3. Fabrication and Quality Control issues: 
Consistent stack manufacture is a necessary precursor to achieving acceptable life and stable 
performance required for engineering light weight, low volume systems capable of long 
missions. Variation in fuel distribution from cell to cell and on-cell both contribute to poor 
stability and can lead to catastrophic failure mechanisms. 

One simple metric for considering the flow from cell to cell is to make an equivalent electrical 
circuit. In other words, a 100 cells connected to a common fuel plenum is equivalent to 100 
resistors connected in parallel to a common wire. The pressure drop across the anode is 
equivalent to a voltage drop across a resistor, the gas flow through the bulk anode is equivalent 
to an electric current, and the back pressure is a measure of resistance. The flow through any 
one cell can be shown to be equal to: 

^ = M(fI.1)l_Y+1) o) 

Where Fc'eii is worst-case fuel flow to one cell, Ftota, is the total fuel flow to the stack, n is the 
number of cells in the stack, and X is a figure of merit comparing the back pressure of one anode 
flowfield to another. For example, if the range of back pressure from one anode to another is 
20%, then^= 1.2. In essence, X\s also a measure of reproducibility. Fuel utilization per cell, 
flow and current are related to each other by: 

_, I*6.94 x 
FuelUtilization{%) = 100* ( _    ._.    ,—r~~T) <2> v FuelFlow{ cc / min) 

where I is the electrical current (and hence ionic current through the electrolyte) and FuelFlow is the 
fuel to that particular cell. Using these two equations, a relationship between fabrication 
reproducibility, X, and fuel utilization for the stack can be determined. The overall stack fuel 
utilization is simply: 

/*rc*6.94       . 
StackFU(%) = 100* (-„-.,,,■ J (3) 

Fuelb low( cc / min) 

For example, using equation (3), a 100 cell stack operating at 4.0 amps total current per cell and 5.5 
liters of H2 fuel would be: 

Use or disclosure of the data set forth above is subject to the restriction on the cover page of this report. 
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A * 100* 6.94 x 
StackFU(%) = 100* ( —— ) = 50.5% (4) 

Using the same total fuel flow, current, and stack size and further assuming a variation an anode 
reproducibility of 30%, then the flow to the 'worst cell' in the stack (substitution into equation (1)): 

Fee,, = 5500( 
1 

(100-1)*1.30 + 1 
) = 42Asccm (5) 

From equation (2), 42.4 seem flow to a cell with 4.0 amps of current per cell is a fuel utilization of 
65.5%. So, although the average stack utilization is only 50.5%, somewhere in the stack, one cell is 
operating at a utilization of 65.5% (assuming the variation of 1.3). 

TMI has found that running a cell in excess of 100% fuel utilization can lead to catastrophic 
delamination of the anode material. Assuming this boundary is reproducible, two operating regions 
can be mapped using overall stack utilization and common variations in anode back pressure. This 
graph is shown in Figure 8. To run a stack at high utilization conditions (above 75%) requires very 
consistent anode gas flow characteristics (below 30% variation). 

Figure 8. Variation of Back Pressure and the Impact on Stack Reproducibility 
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In the TMI case, the measurement in variation is easily determined (back pressure from cell to cell) 
but these particular calculations are geometrically unspecific. They apply to any design where forced 
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flow from a common manifold is used as the flow delivery mechanism. This describes the 
relationship among manufacturing capability, stack performance and catastrophic degradation. 

Sealing integrity is critical to successful stack operation. Determining a robust sealing metric 
was one of the major advancement achieved during this program. Prior to June 1999, many 
stacks showed at least some leakage during start up. Poorly sealed stacks sometimes improved 
with time as the seal gaskets deform, closing pinhole leaks. Based on the analysis above, any 
leakage results in a local increase in fuel utilization (at a minimum) and can negatively impact 
life. 

To address this issue, a full factorial analysis with replication was completed on seal sizing to 
explore the possibility of using thicker seals to provide improved integrity. The analysis 
examined two seal thickness specifications for the anode and two thickness specifications for the 
cathode. Since poor sealing occasionally occurred, selected size ranges were outside the range 
normally specified for stack tests. The results shown in Table 5 indicate that for all stacks (eight 
total), complete sealing could be achieved. Based on these tests, there was not a clear advantage 
to either range for either seal. All were comparable although the higher thickness appeared to be 
more consistent. No response was outside of the natural experimental variation window.   Based 
on these results, the specification for seal dimension in large stacks was increased to a value 
within the ranges tested for both components. Stacks produced based on these changes have 
consistently showed excellent sealing with little air sensitivity. 

Table 5. Full factorial analysis with replication for cathode and anode seal size. 

* Anode Oversizing Cathode Oversizing Interaction Output, 1st Test Output, 2nd Test Average Range 

Low Low + 0.731 0.74 0.736 0.009 
High Low - 0.727 0.755 0.741 0.028 

Low High - 0.728 0.778 0.753 0.050 
High High + 0.773 0.761 0.767 0.012 

SumAves+ 1.51 1.52 1.50 
SumAves- 1.49 1.48 1.49 

Sum Aves 3.00 3.00 3.00 

Difference 0.02 0.04 0.01 
Effect 0.01 0.02 0.00 

d2 1.13 

N = n22 8 
Ave Sigma 0.09 
Sigma Effsct 0.12 

3.4      Task 4. Seal-Separator Interfacial Improvements: 
Thermal cycling caused by field operating conditions and mission requirements impact stack 
performance and seal integrity and must be anticipated. During a thermal cycle, the seal is the 
point of contact at which differences in thermal expansion coefficients between the separator 
and the electrolyte must be accommodated. Much of the thermal expansion stress is mitigated 
by TMI's radial design that allows a large degree of movement at the cell perimeter. Thermal 
cycling has been demonstrated on single cells at over 30 cycles without effect and promising 
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results have been shown in limited stack testing with one stack achieving nine thermal cycles. 
However, reproducibility has been an issue. 

Several strategies were evaluated. The most successful was an oxide coated separator material. 
The first tests were conducted using three and five cell stacks under a number of conditions. 
Testing varied from 850-950°C on fuels including dry H2, H2+ 6% H20, H2 + 6% H20 + 300 
ppm H2S, as well as reformed fuels including steam reformed JP-8 and steam reformed CH4. 
The stability at 950°C was less than desirable being 10-20% /1000 hours on H2 + 6% H20 fuel. 
However, at 900°C, degradation rates were more acceptable at 2-5% /1000 hours. The results of 
the best run including operation on the corrosive H2 + 6% H20 + 300 ppm H2S, is shown in 
Figure 9. Higher water concentrations, found in reformed fuels, seemed to have some impact on 
stack performance and showed slightly higher decay rates. Thermal cycling data of small stacks 
with this separator is shown in Figure 10. 

Several large stack tests completed included one 10-cell stack, two 25-cell stack tests and a 100- 
cell integrated stack test. The results of the second 25-cell stack is shown in Figure 11. This 
stack showed a relatively steep initial degradation. The rate was dependent upon temperature. 
Decreasing temperature reduced the degradation rate by approximately half. The stack was also 
subjected to three thermal cycles from operating temperature to approximately 100°C. The stack 
survived the deep cycles although the rate of decline in performance increased considerably after 
the third cycle. Nonetheless, the test was considered successful. 

Figure 9. Three Cell Stack at 200 mA/cm2 at 900°C. 
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Figure 10. Three Cell Stack at 200 mA/cm2 Cycled from 900°C. 
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Figure 11. Twenty-five Cell Stack at 200 mA/cm2 at ~900°C. 
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A 100 cell stack produced using the alternative separator material (summarized in Task 7 
"Overall Integration" below) was thermally cycled repeatedly (discussed below) with no loss of 
performance. A 10 cell stack was similarly thermally cycled 15 times. Although fuel utilization 
could not be computed (the water vaporizer section had a fuel flow leak), the stack degraded 
only modestly during the test. Air-sensitivity checks made after each cycle showed no loss of 
sealing during the test. 

3.5      Task 5. Anode Interfacial Improvements: 
To achieve restartable, stable long-term stack performance, anode interface integrity is critical. 
The degree to which the anode interfacial integrity is challenged during operation, however, 
depends on start up and operation of the system (i.e., the operating conditions and mission 
requirements). Good electrode adhesion not only improves overall cell power density, but has a 
direct bearing on stack weight and volume. 

Since successfully demonstrating sealing in large stacks in June 1999, TMI has started to 
evaluate other stack/system related problems. A major isolated issue is catastrophic 
degradation/failure of large stacks, defined as a rapid decrease in stack performance of >25% 
gross power output within 100 hours of operation. In some cases, the rates of decline are nearly 
precipitous but typically the decline is continuous and is not a 'step change'. Until complete 
sealing was achieved, catastrophic failures were attributed to broken cells, blown seals, etc. But 
other mechanisms influence these failures. 

In 1999, TMI tested approximately 16 large 100-cell stacks and dozens of smaller size stacks. 
That work produced several compelling results. The first was that the fundamental materials set 
used by TMI for cell construction has intrinsic, desirable performance characteristics. TMI has 
reported to DARPA experiments on at least five multi-cell stack that achieved less than 4% / 
1000 hour degradation rates on H2/H20 at 50% FU with the average degradation being 2-4%. 
Since these materials are of similar composition to those used by other SOFC developers (who 
have also reported good life characteristics), TMI believes that the fundamental fuel cell 
materials are adequate for near term development. 

Many larger stacks, however, failed to achieved stable long term operation, even under H2 fuel. 
Even tests that demonstrate stability often exhibited an initial decrease in performance before 
leveling out. This result is also not atypical of what has been reported in the open literature. 
Several SOFC developers including SOFCo, Ltd. and Z-Tek Inc., have publicly reported similar 
results with an initially rapid degradation followed by extended periods of stable operation. 
Because direct observation of cell components requires destruction of interfaces, determining the 
cause of this decay is very challenging. 

In the TMI radial cell, where the components are less rigidly 'fused' together during fabrication, 
evaluation of the stacks after testing is easier. In the most recent tests, several stacks have come 
back from testing with literally only one cell in 50 showing any signs of severe degradation. 
Failed cells generally show extreme anode delamination. In addition, the cells show radial 
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delamination around the rim of the cell which does not appear to be related to any electrolyte 
cracking. This strongly suggests that gas distribution plays a dominant role. Data suggests that 
in many failed cells cracking seen in post-run analysis occurs either on cool down or during 
removal of the stack and that the cracks were not the origin of the failure. Often seals are intact 
in failed cells and do not exhibit direct oxidation patterns associated with seal leaks. 
Experimentally, the stack itself performed very well initially but degraded quickly. 

The possibility that electrolyte breaking was causing a poor fuel distribution was considered. Dr. 
Arthur Heuer of Case Western Reserve was contacted to discuss the impact of cell breakage on 
degradation and poor performance. Dr. Heuer is an expert in YSZ fracture and the issue of how 
to improve cell robustness during operation was proposed. After some discussion, the methods 
to improve electrolyte strength focused on (1) eliminating defects in the raw components (2) 
reducing stresses during operation, (3) moving to a stronger 3 mol% Y203 material or, (4) 
incorporating A1203 into the YSZ. Alumina additions are done in some commercially available 
YSZ materials already (TOSOH, Inc. for example) based on the belief that it acts as a sink for 
other contaminants, particularly silica. All four options are being considered but represent long 
term development issues. After the consultation with Dr. Heuer, several experiments were 
conducted that showed that delamination could occur independent of cell breakage. YSZ failure 
will undeniably cause stack degradation but is not the inherent root cause of all failures. 

TMI considered and evaluated the impact of gas distribution on cell performance at some length 
and a summary analysis was provided above. Clearly, poor distribution of reactants can lead to 
undesirable operational characteristics. Controls have been instituted to maximize 
reproducibility. Extensive quality control and fabrication improvements have been proposed 
(and are being implemented as resources permit). However, since quality control measures are 
inherently expensive and add cost to a final commercial product, even though this solution may 
eventually be successful, a more robust cell would be desirable. 

Origin of Catastrophic Anode Delamination 
One central area of interest is the relationship between the proposed failure mechanisms and the 
magnitude of the failure. A cell that is operated at beyond 100% utilization begins to consume 
power rather than produce it (relative to its neighboring cells). However, since a portion of the 
cell would still be in operation, the decrease in produced power would seem to be relatively 
minor. Cells have been tested in 'oxygen pumping' mode. The VI results of one cell are given in 
figure 12. The ASR in this case is approximately 8.5 Q*cm2. This value is high but cannot 
explain the drop in stack performance. The decrease in stack performance is at least an order of 
magnitude beyond what this experiment suggests. 

However, a gross delamination could explain large voltage drops seen in large stacks. Because 
of the poor contact area, a badly delaminated cell could easily act as a large resistance in the 
middle of the stack well beyond the materials limits. 
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Figure 12. Cell ASR in Reverse Polarized Mode. 

2.5U -i 

\ 

2.00 - 

'  s& £ 
>  I.JU - 

C3 
| 

5  i f\c\ >    l.UU 

U.JU 

0.00 -         i 

0.00 0.05 0.10 0.15 0.20 0.25 0.30 

Current Density (Amps/cm) 

Tests were conducted to determine what conditions were necessary to cause complete 
delamination of the anode. Two identical cells were started for testing. Both tests were run for a 
short period to establish a performance baseline. In the first case, a cell was 'gas cycled' back 
and forth from fuel to air. This gas cycling exposed the cell to a number of stresses. Foremost is 
the change in anode density. For typical transition metal-cermets, the transition from metal (~ 
9.0 g/cc density) to oxide (-6.0 g/cc density) results in a 50% increase in component volume. 
Linear dilatometry-type measurements suggest that there is little increase in thickness with 
oxidation so the increased volume must be accommodated by a decrease in porosity of 
approximately 10-15%. Similarly, the oxide part of the cermet also shows a slight volume 
increase of approximately 2-3%. Because the oxide in the anode is well bonded to the YSZ 
interface, this change might also be expected to introduce stresses. However, the cells can be 
returned to normal operation without negative affect. 

The second cell was operated in 'reverse polarization' mode at 4.0 amps as shown in Figure 13. 
Essentially, within 24 hours, the voltage across the cell increased by over an order of magnitude. 
Post test evaluation showed massive delamination. 
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Figure 13. Cell ASR in Reverse Polarized Mode. 
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TMI has'formulated a mechanism that may explain delamination, but is still investigating the 
implications. The transition state between an oxidized cell and a reduced cell offers a 
considerable range of possibilities including conduction mechanisms, reduced porosity, thermal 
stresses, etc. Experiments are planned to validate the hypothesis and results will be presented 
once they are conclusive. 

3.6       Task 6. Air Flow Subsystems Engineering: 
Air-flow management is a critical part of the control system needed to accommodate a broad 
range of system operating conditions while maintaining a consistent internal thermal profile for 
both stack and reformer. In addition to being fundamental to thermal management, air-flow 
subsystems not only supply oxygen to the stack but provide cooling for the stack. Calculations 
indicate that sufficient energy is available at the exhaust at a sufficiently useful temperature to 
provide all fuel processing. The challenge is re-distribution ofthat energy in both steady state 
and transient conditions. 

The current system uses two air control circuits, one for condenser fan cooling, and a 
compressor-based system which, through a series of highly integrated heat exchange systems, 
provides cooling to the stack, oxygen for reaction, and heat to the reformer/vaporizer. Findings 
from operation of 100 cell stacks (300 W class) have shown that stack power, life, and efficiency 
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correlate to the thermal gradient in the hot subassembly. As expected, minimization of the 
temperature gradient within the stack and operation near 900°C produces good overall stack 
performance. The primary goal in the air flow subsystems engineering task was to design and 
incorporate a secondary air subsystem which improves stack cooling and overall system thermal 
control.   The proposed strategy was to design a zoned air cooling system which uses an 
independent low pressure blower to provide additional cooling air to the stack. 

After some additional measurements and calculations, a cooling scheme which allowed part of 
the air to bypass the stack was incorporated. TMI typically uses a very low air flow rate 
compared to other SOFC developers (typically less than 4.0 stoics) but even at this level, the 
stack only requires about 1/4* of the air flow for electrochemical purposes. An integral air- 
bypass was included in the hot-subassembly to allow approximately half of the air to bypass the 
stack and flow directly into the exhaust manifold. The bypass of hot gas provided better thermal 
equilibration overall without affecting the stack performance. Bypassing part of the cooling-air 
stream reduced the overall air back pressure through the system. 

Figure 14 shows the profile of a stack running on hydrogen with the bypass. The five lines 
represent the profile radially around the inner hot assembly as well at along the length. The 
thermal gradient for the stack in this test was less than 60°C. This result has been demonstrated 
in other tests as well. 

Figure 14. Integrated Laboratory Demonstration System Stack Thermal Profiles. 
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The air flow subsystems investigation shifted focus to the reformer/exhaust heat exchange zone 
in the hot subassembly. Initial experimental data indicated that near the middle of the reformer 
catalyst bed temperatures were lower than expected which increased the potential for coking. 
Causes for the lower temperature are either heat transfer limitations, excessive heat losses, or a 
combination of both. 

3.7 Task 7. Overall Systems Design & Integration: 

To the greatest degree possible, system designs were based on experience and development work 
from previous contracts and internal system designs. Under this task, the systems were 
augmented with additional instrumentation to measure more temperatures, pressures, and flows. 
Measurement devices were connected to computer data acquisition to allow more complete 
analysis of operation and to verify design performance. System design work included 
engineering calculations, bench top experiments, CAD designs, vendor and end user interactions, 
and prototype fabrication and testing. Engineering calculations consisted primarily of 
mechanical and electrical with materials and chemical engineering brought in as required. 

3.8 Task 8. Demonstration System Fabrication & Testing: 

Based on engineering and design work under Tasks 6 and 7 and stack development work under 
Tasks 1 through 5, system and stacks were fabricated and tested to verify that the stack 
technology was viable and that system concepts could be implemented which allow extended 
operation on JP-8 fuel with multiple system restarts from a cold condition (see Figure 15). A 
number of tests were completed from September to December. However, late in the program, an 
error was noted in the measurements of current. Some conditions vary slightly from what has 
traditionally been tested in benchmark tests. 
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Figure 15. Demonstration Test System 
JP-8 Operating Configuration 

Two stacks in particular showed very encouraging results. A stack started in late October 1999 
completed over 1000 hours of total operation as shown in Figure 16. The stack had excellent 
initial performance on both H2 and JP-8. Coking events were identified (indicated by pressure 
increases) and reversed multiple times during the run by carefully changing fuel and water 
conditions. These 'decoking' conditions removed carbon from the reformer but did not damage 
the stack. After an initially steep degradation, the stack showed relatively stable performance. 
To examine longer stack operation on a reformed hydrocarbon fuel without the threat of coking, 
the stack was switched to methane and demonstrated stable, continuous stack performance (-240 
Watts, -30.0% LHV efficiency) for over 350 hours. Post run analysis of this stack showed 
excellent reduced anodes, except in one cell. This cell was badly delaminated and cracked, 
typical of a cell with poor fuel distribution and excessive fuel utilization. The nature of the 
cracks were such that positive determination of the order of events was not possible. 
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Figure 16. Large Stack Run 99S135-093 - Power and Pressure vs. Time 
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The other stack was started in late December 1999 using improved separator materials and an 
alternative anode geometry. As discussed in earlier reports and during the December DARPA 
site visit, fuel maldistribution from cell-to-cell in the stack and excessive fuel utilization in a few 
cells was theorized as a possible cause for electrode delamination, causing a dramatic loss of 
power in a relatively short time period (catastrophic degradation). To minimize the potential for 
this type of catastrophic degradation, the stack was initially operated at less than 50% overall 
fuel utilization and the performance tracked with time. Figure 18 shows no catastrophic 
degradation while operating on JP-8 fuel at fuel utilizations of approximately 37% and 44% for 
approximately 150 hours. As in previous runs, pressure increases caused by coking interrupted 
continuous operation, therefore the decision was made to thermally cycle the system after 
operating under de-coking conditions (to remove the carbon). The system successfully thermal 
cycled, with performance returning to approximately the same level (on JP-8). Continued 
pressure problems limited operation on JP-8, but under various conditions, the stack was 
thermally cycled three additional times, each with complete performance recovery and no sign of 
internal leaking. 

To minimize the impact of coking on operation with hydrocarbon fuel, the stack was switched to 
natural gas after 420 hours, and operated at 60% fuel utilization. Under these conditions, the 
characteristic catastrophic degradation curve was observed and over 100 Watts of output lost. 
The stack was thermally cycled one time after this degradation and again performance returned. 
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The test was then terminated. 
Figure 18. Thermally cycled 100-cell stack test. 
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4.0 Conclusions 

In general, the TMI SOFC technology continues to show promise for being able to operate 
directly on logistic fuels in small compact devices. Developments were made in fundamental 
materials of construction and methods of preparation to improve operational characteristics. 
Engineering calculations were performed and systems designs prepared to operate the TMI stack 
and catalyst in a compact, portable package. To the extent possible, application-specific systems 
were developed to accommodate stack requirements both geometrically (size, diameter, and 
shrinkage) and operationally (fuel and flow rate, vaporization and reforming, air handling, and 
thermal considerations). Testing of the laboratory demonstration system was conducted with the 
integrated stack/reformer operating with the balance-of-plant subsystems. 

Thermal management becomes essential and critical at smaller sizes, particularly with respect to 
reforming heavier hydrocarbon fuels. Cell uniformity and reproducibility also play large roles in 
achieving higher efficiencies and stable long term performance. Other specific observations 
include: 

1. Fundamental stack operation was reaffirmed on hydrogen and JP-8 fuels. Additional work 
has further characterized the mechanisms of long term degradation and thermal cycling and 
improved operation under these conditions. 

2. Integration of the stack with TMI's closely coupled reformer design was validated at the 100 
cell level. Thermal balance has been investigated and assumptions refined. 
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3.   Thermal control concepts require additional refinement, particularly in the air flow and heat 
exchange systems. 

These advances have significantly improved the capability of Technology Management, Inc. to 
develop an integrated solid oxide fuel cell generator operating on logistics fuels. 

5.0 Recommendations for Future Work 

There are three areas where additional research could significantly advance the technology 
toward a demonstration device. 

First, solid oxide fuel cells (SOFCs) are power generation devices expected to operate over a 
wide range of operation conditions on a variety of reformed fuel products. The most critical 
feature to the Technology Management, Inc. SOFC system is a practical level of sulfur tolerance 
that allows fuel flexibility for a number of dual use applications. TMI has tested anode materials 
under a variety of conditions including on sulfur containing gasses (H2 + 300 ppm H2S in single 
cells and reformed JP-8 with 0.3 wt% S in stacks). However, anode materials have not been 
isolated and completely characterized on syngas representative of reformed JP-8, particularly at 
operating conditions which may be more representative of actual application operating 
conditions. To assure that scaled operation of a TMI prototype system in the field is an 
achievable goal, a program to characterize the most current cell design and materials under a 
range of syngas sulfur levels (up to reformed JP-8 with 0.3 wt% sulfur) and a range of operating 
condition,? would be beneficial. 

Second, stack development has clearly pointed toward fuel maldistribution as a critical step 
toward anode delamination and catastrophic stack failure. The mechanism of failure has been 
investigated and isolated to the conductive properties of the selected anode materials. A 
program to evaluate alternate materials that can survive wide variations in oxygen potential for 
prolonged periods without catastrophic failure would greatly enhance stack survivability and 
advance the solid oxide fuel cell community as a whole. 

Finally, as Technology Management, Inc. has already demonstrated, the thermal integration of a 
small portable reactor operating on logistics fuel is a highly complex but resolvable issue. 
Additional effort directed at achieving better integration would be advantageous. This includes 
better measurements of thermal properties (i.e., effective conductivity of the insulation, hot sub 
assembly, catalyst support material, etc.) for the existing system of materials and additional 
measurements of dynamic system response such as that encountered during stop-start and 
transient load following conditions. Models have been developed that consider the interaction of 
these factors, but verification of these assumptions is necessary. To develop confidence and 
prognostication ability to scale up to multi-stack and multi-system hot swappable modules, 
testing these assumptions for validity is critical 
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